This paper describes experimental analyses using SIMMER-III and -IV, which are respectively two-and three-dimensional multi-component multi-phase Eulerian fluid-dynamics codes, for the purpose of integral code validation. Two topics of key phenomena in core disruptive accidents of sodium-cooled fast reactors are presented in this paper: duct-wall failure and fuel discharge/relocation behavior. To analyze the duct-wall failure behavior, the SCARABEE BE+3 in-pile experiments were selected. The SIMMER-III calculation was in good agreement with the overall event progression; which was characterized by coolant boiling, clad melting, fuel failure, molten pool formation, duct-wall failure, etc.; observed in the experiment. The CAMEL C6 experiment investigated the fuel discharge and relocation behavior through a simulated control rod guide tube, which is important in evaluating the neutronic reactivity. SIMMER-IV well simulated fuel-coolant interaction, sodium voiding, fuel relocation behavior observed in the experiment. These experimental analyses indicated the validity of the SIMMER-III and -IV computer code for the duct wall failure and fuel discharge/relocation behavior.
validation in this study.
The comprehensive code assessment study previously mentioned emphasized on the transient multi-phase flow in the transition phase of CDAs within the limitation of the two-dimensional code. Extensive code validation study was also devoted to similar transient multi-phase flows (Yamano and Tobita, 2009 , 2010 . Unlike these code validation studies, the present study focused on a series of phenomena from the duct wall failure to the fuel relocation. Such a series of phenomena were investigated in in-pile and out-of-pile experiments using reactor materials, for which the code validation were quite limited. This paper addresses two topics, the duct wall failure and the fuel discharge/relocation behaviors of key phenomena in CDAs for the purpose of the SIMMER-III and -IV code validation. In this paper, the models and methods of SIMMER-III and -IV are described. The experimental database on these topics is also reviewed to select appropriate experiments, followed by presentation of experimental analyses using the SIMMER-III and -IV codes.
SIMMER-III and -IV models and methods

Code framework and components
The models and methods of only the SIMMER-III code are described in this section because the physical models of the three-dimensional SIMMER-IV code is the same as the two-dimensional SIMMER-III code. These code documents can be referred in the JAEA reports . The entire code consists of three elements: the fluid-dynamics model, the structure (fuel pin) model, and the neutronics model. The fluid-dynamics portion, which constitutes about two thirds of the code, is interfaced with the structure model through heat and mass transfer at structure surfaces. The neutronics portion provides nuclear heat sources, based on the time-dependent neutron flux distribution in consistent with mass and energy distributions calculated by the other code elements.
In SIMMER-III, five basic SFR core materials (fuel, steel, sodium, control and fission gas) can be treated. A material can exist as different physical states, for example fuel needs to be represented by fabricated pin fuel, liquid fuel, a crust refrozen on structure, refrozen solid particles, fuel chunks (broken pellets) and fuel vapor, although fission gas exists only in the gaseous state. Thus the material mass distributions are modeled by 30 density components in the current version of SIMMER-III. The energy distributions are modeled by only 17 energy components since some density components are assigned to the same energy component. For example, a mixture of different vapor components is defined by a single energy. The structure field components, which consist of fuel pins and can walls, are immobile. Both simple and detailed fuel-pin models are provided, where the fuel pellet is represented by two or several radial temperature nodes, respectively. The mobile components, which include liquids, solid particles and vapors, are assigned to one of eight velocity fields, such that the relative motions of different fluid components can be simulated.
Fluid-dynamics model
The material density and energy component distributions are obtained by solving the mass, momentum and energy conservation equations. The velocity-field formulation and the fluid convection solution algorithm are based on a time-factorization approach developed for the former AFDM code (Bohl, et al., 1990) . In this approach, intra-cell interfacial area source terms, momentum exchange functions and heat and mass transfer are determined separately from inter-cell fluid convection. A semi-implicit procedure is used to solve inter-cell convection on an Eulerian staggered mesh. A higher-order differencing scheme is also implemented to improve the resolution of fluid interfaces by minimizing numerical diffusion. This solution procedure for separating intra-cell transfers from fluid convection is believed to be the most practical for complex multi-component systems like SIMMER-III.
An equation-of-state model is required to close and complete the fluid-dynamic conservation equations. Proposed function forms use the polynomial equations for liquid and solid phases and a modified Redlich-Kwong equation for vapor phase. The analytic equation-of-state model in SIMMER-III has adequate accuracy at high temperature and high pressure and consistently satisfies basic thermodynamic relationships over the wide temperature range from solid to supercritical state .
The constitutive models describe intra-cell transfer of mass, momentum and energy at the fluid interfaces. In SIMMER-III, there are 52 contact interfaces among eight fluid energy components (liquid fuel, steel, sodium; fuel, steel and control particles; fuel chunks; and vapor mixture) and three structure surfaces (a fuel pin and left/right can walls). Flow regimes are modeled for both pool flow, in which the effect of the structure is negligible; and channel flow, which is confined by structure. The interfacial area convection model improves the flexibility of SIMMER-III by tracing transport and history of interfaces, and thereby better represents physical phenomena. Ishii proposed a convection equation for the interfacial areas per unit volume in a general form (Ishii, 1975) . The changes of interfacial areas due to hydrodynamic breakup, flashing, turbulence-driven breakup, coalescence, and production of droplets or bubbles are treated as source terms in the interfacial area convection equation.
The momentum exchange function between velocity fields in the momentum equation is a function of the drag coefficient and interfacial areas. Between the continuous and the discontinuous fields, the momentum exchange function consists of laminar and turbulent terms. The laminar term is described by Stokes law, and the turbulent term is proportional to the inter-phase velocity difference with the drag coefficient based on Ishii's drag similarity hypothesis (Ishii and Zuber, 1979) .
Heat transfer coefficients are defined for 52 binary contacts between the energy components and contribute to 33 vaporization/condensation paths and 22 melting/freezing paths. The coefficients control heat transfer between the bulk and interface temperatures for each liquid energy component and for the gas/vapor mixture. The heat transfer coefficients are based on quasi-steady state heat transfer correlations. The correlations take account of the Prandtl number range of the interacting fluids, which is particularly important when calculating heat transfer in liquid metals. Heat transfer between continuous phase liquid or gas and structure is calculated using correlations obtained for forced convection single-phase flow in pipes. The heat transfer coefficients are defined for the bubbly, annular and dispersed flow regimes.
After the interfacial areas and heat-transfer coefficients formulated by Nusselt number empirical correlations are obtained, the conservation equations without convection are solved for intra-cell heat and mass transfer in two steps . The first step calculates the phase transition processes occurring at interfaces, described by a non-equilibrium heat-transfer-limited model. This is a non-equilibrium process because the bulk temperature does not generally satisfy the phase-transition condition when the mass transfer occurs at the interface. The second step of mass and energy transfer is through an equilibrium process occurring when the bulk temperature satisfies the phase-transition condition.
Structure model
The fuel-pin and wrapper can wall model not only represents the stationary structure in the core, but also traces time-dependent disintegration (Kamiyama and Kondo, 2004) . The standard fuel-pin model is rather simple with a pellet interior modeled by a single temperature node and with breakup modeled only by a thermal (melt fraction) criterion. A detailed pin model has been made available in the latest versions of SIMMER-III, in which fuel-pin radial temperature distribution, intra-pin cavity and fuel motion are calculated and is more appropriate for simulating overpower transients. The can wall model treats separated left and right can walls assumed to be located at the radial mesh cell boundaries. The presence of the can wall at a cell boundary eliminates radial fluid convection. Fuel crust can grow on a can wall when the heat and mass transfer model predicts this. A multi-node can wall model is available in the current SIMMER-III, in which radial temperature distributions are calculated for more adequate heat flux from molten fuel to the wall (Yamano, et al., 2007) .
Experimental database 3.1. Duct-wall failure behavior
A severe recriticality potential can be eliminated by the fuel discharge from the core (Endo, et al., 2002) . To achieve this discharge, a fuel discharge path has to be formed by the failure of the duct wall, such as the inner duct and the CRGT. These key phenomena were identified in developing technical database of unprotected events for a Level-2 probabilistic safety assessment in SFRs (Yamano, et al., 2012b) .
The investigation of the duct wall failure behavior by the molten fuel pool required continuous nuclear heating, which can be realized only in in-pile experiments. Experimental findings on the wall failure were provided for the first time by a series of the SCARABEE experiments performed under an international collaboration program from 1983 to 1990 (Kayser, et al., 1998) . Main interests in the experiments were the assessment of a total instantaneous blockage along French objectives. For foreign partners, more general physics were also investigated. The SCARABEE reactor enabled only steady state heating. Because of this, the wall failure was realized by a slow increase in the reactor power or decrease in the flow rate of sodium behind the wall after the stable formation of fuel crust.
Based on the SCARABEE experiments, four wall failure mechanisms were suggested: 1) thermal erosion of the wall, 2) rapid melt-through due to coolant boiling and dryout behind the wall, 3) mechanical deformation and destruction, and 4) melt jet projection (Kayser and Stansfield, 1994) . For the mechanism 1, the melting of steel wall under the fuel crust were recognized in the BE+3, PIA and PVA experiments; and then the fuel crust was failed for rapid melt-through in the BE+3 experiment. For the mechanism 2, the heat removal behind the wall was lost because of a narrow gap in the PIA-gap and BE experiments. For the mechanism 3, the reduction of the wall mechanical strength under a hot condition allowed the deformation of the wall by the FCI pressure in the PIA experiment. For the mechanism 4, local erosion was interpreted by the melt jet attack driven by the FCI pressure in the BE+3 bis experiment. The mechanism 1 meets our objective which is investigation of the failure of the duct wall cooled by the coolant. Uncertainty of heat flux near the failure position was estimated large in the PVA experiment (Kayser, et al., 1998) . Compared to the PIA experiment, the BE+3 experiment realized very high heat flux of about 10 MW/m 2 (Kayser, et al., 1998) . This experiment also successfully measured the heat flux near the failure position. Therefore, the BE+3 experiment is the most suitable in the SCARABEE experiments for the code validation.
Since 1998, JAEA has been conducting the EAGLE test program utilizing safety research facilities including the IGR test reactor and an out-of-pile experimental facility in the National Nuclear Center of the Republic of Kazakhstan initially together with the Japan Atomic Power Company (Endo, et al., 2002) . Unlike the SCARABEE reactor, the IGR reactor can realize the transient nuclear heating for the molten pool formation. The rapid duct wall failure behavior by quickly formed melt that was was observed mainly by thermocouples in the EAGLE in-pile experiments (Konishi, et al., 2006) . The WF experiment observed two different wall failure behaviors of gas-gap and sodium-gap walls using about 2 kg of fuel pins (Konishi, et al., 2007) . The FD experiment used about 8 kg of fuel pins to generate the molten pool that gave thermal load onto the duct wall without sodium cooling. The ID1/ID2 experiments were positioned as integral effect experiments, which realized a series of CDA phenomena: the fuel pin failure, the molten pool formation, the duct wall failure, the fuel discharge and relocation. These experiments were used for the SIMMER-III code validation (Toyooka, et al., 2010) . The out-of-pile experiments provided complementarily important experimental findings on the wall failure and fuel discharge behaviors (Matsuba, et al., 2011; Kamiyama, et al., 2012) .
The heat fluxes from the melt to the wall were very high in the EAGLE in-pile experiments (Sato, et al., 2011 ). Although this heat flux level was similar to the SCARABEE BE+3 experiment, the difference between the ID1/ID2 and BE+3 experiments were the formation of molten fuel pool by the transient and the steady-state nuclear heating, respectively. Before a stable fuel crust formation, the quickly formed molten pool was contacted with the duct wall at a high temperature in the ID1/ID2 experiments. On the other hand, a slowly formed molten pool was initially disturbed by a stable fuel crust formed on the wall. After the crust failure, the wall failure mechanism in the BE+3 experiment was the same as that in the ID1/ID2 experiments. The wall failure mechanism with the crust in the BE+3 experiment could appear in the CRGTs located in the outermost layer of the outer core, where a fuel assembly power could be low. Such a wall failure behavior expected in the outer core was not observed in the EAGLE in-pile experiments, but obtained in the BE+3 experiment. From the above, the code validation for the BE+3 experiment can be accepted as worthwhile. Moreover, the EAGLE experiments were separately calculated (Toyooka, et al., 2010) . Therefore, the SCARABEE BE+3 experiment was selected for the SIMMER-III code validation on the duct wall failure behavior in this study.
This experiment is characterized by important phenomena of coolant boiling, clad melting, fuel failure, molten pool formation, and duct wall failure. Except for this experiment, several in-pile experiments were served for the code validation in the past (Kondo, et al, 2000) . These experimental analyses indicated very difficult simulation due to complex phenomena happened in the in-pile experiments, which were dominated mainly by high-temperature liquid fuel behaviors with nuclear heating. Nevertheless, the experimental analyses using reactor materials are indispensable for the integral code validation that would be required for licensing applications. Therefore, the SCARABEE BE+3 experimental analysis is positioned as the important integral code validation of SIMMER-III, with emphasis on the heat and mass transfer model to the wall, and the structure breakup model. 
Fuel discharge/relocation behavior
The large-diameter ducts, such as the CRGT and the inner duct for the recriticality elimination, are effective for the fuel discharge from the core. After the duct wall failure, the contact of the molten fuel with the coolant allows generating FCIs which result in voiding in the large-diameter duct channel. The molten fuel could be discharged and relocated through the voided duct.
There are no in-pile experiments that investigated the fuel discharge behavior to a relatively large discharge path except for the EAGLE experiments. Different geometries of the path were used in the SCARABEE PVA and PIA experiments, which simulated the relocation behavior through the inter-assembly gap and the neighboring pin bundle, respectively. The relocation behavior through the narrow discharge paths was also investigated in out-of-pile experiments using the reactor materials of UO 2 and sodium (Spencer, et al., 1985) . In the out-of-pile experiments, only the CAMEL C6 and C7 experiments examined the discharge/relocation behaviors using the reactor materials through a large duct channel, which simulated the CRGT in the US Clinch River Breeder Reactor (CRBR) plant (Spencer, et al., 1985) . JAEA successfully visualized the material relocation behavior in the MELT facility where low-melting-point alloy was injected into a water channel (Matsuba, et al., 2004) .
The experiments using the reactor materials are suitable for the code validation. Since JAEA separately calculated the EAGLE experiments, the CAMEL C6 and C7 experiments are appropriate for this study. The injection pressure in the C7 experiment was lower than that in the C6 experiment. To simulate a high injection pressure that is close to the reactor condition, we selected the CAMEL C6 experiment for the code validation in this study.
Previously, the experimental analyses of the CAMEL C6 experiment were carried out using the SIMMER-II code (DeVault, 1985; DeVault and Bell, 1985) and the SIMMER-III code (Yamano, et al., 1998) . These experimental analyses showed the limitation of two-dimensional simulation. The validation study of the three-dimensional SIMMER-IV code is also limited (Yamano, et al., 2012a) . For this reason, the CAMEL C6 experiment was selected for the SIMMER-IV code validation on the fuel discharge/relocation behaviors.
In this experiment, important phenomena are FCI, sodium vaporization, voiding in the channel, fuel discharge to voided channel, and fuel relocation. The experimental analysis allows us the integral code validation of SIMMER-III, with emphasis on the heat and mass transfer model based on the heat transfer and interfacial area models, and fluid-dynamics model with the momentum exchange function.
Experimental analyses using SIMMER-III 4.1. SCARABEE BE+3 experiment 4.1.1. Experiment overview
The SCARABEE BE+3 experiment was carried out using a 37-pin bundle test section in the French SCARABEE in-pile test reactor in 1986 (Kayser, et al., 1998) . The fissile fuel pin bundle (600 mm high) was put axially by upper axial blanket (UAB) and lower axial blanket (LAB), of which heights were 100 mm. The pin bundle of 37 pins with equilateral triangular array was surrounded by multi layers which consist of a first duct wall (called TH1), an argon gas gap, a second duct wall (called TH2), a sodium gap, a third duct wall (called TH3). The face-to-face distance of the TH1 wall was 62 mm. The 1.5 mm gas gap was positioned as heat insulation between the TH1 wall (1.0 mm thickness) and the TH2 wall (5.5 mm thickness). The sodium flowed in 2.0 mm gap between the TH2 wall and the TH3 wall (1.0 mm thickness) to simulate an inter-assembly gap flow. Fuel mass was 8.52 kg for the 37 pin bundle. Steel mass was 2.69 kg for the cladding corresponding to the fissile fuel length. Steel mass was 1.04 kg for the TH1 wall corresponding to the fissile length.
Fresh fuel with 60% enrichment was used in the BE+3 experiment. The inner and outer diameters of the fuel pellet were 2.0 mm and 7.14 mm, respectively. The inner and outer diameters of the cladding were 7.37 mm and 8.5 mm, respectively. Axial power profile was assumed the cosine distribution. Radial power profile was based on calculated average linear heating rates, which were 281 W/cm for the first layer (1 pin), 289 W/cm for the second layer (6 pins), 319 W/cm for the third layer (12 pins), and 389 W/cm for the fourth layer (18 pins). In this experiment, the initial fuel temperature distribution in the radial direction was flattened in the pin bundle using double wrapper tubes with a gas layer in order to simulate uniform high temperature region of a reactor fuel assembly.
Sodium was supplied into the test section before/during the transient test at 350°C (623K). Before the transient, the sodium flow velocities were 6.0 m/s and 2.2 m/s for the pin bundle and the inter-assembly gap (TH2-TH3), respectively. In this experiment, the transient test was initiated by closing the valve at the inlet of the pin bundle with keeping the constant reactor power after the establishment of steady state thermal hydraulic conditions. The reactor power was shut down by signals of the duct wall failures of the TH2 and TH3 walls. The closing time of the inlet valve was nearly 0.15s. This valve closing allowed the loss of the flow rate in the pin bundle region, whereas the sodium flow velocity was increased 3.2 m/s in the inter-assembly gap. This was higher than the reactor condition. In the BE+3 experiment, the reactor was shut down at 28.8s after the inlet valve closing onset by detecting the TH2 wall failure. Many thermocouples were mounted at the cladding and sodium channels in the pin bundle in order to detect the sodium boiling, dryout, and molten cladding motion.
Analytical conditions
As shown in Fig. 1 , analytical geometry was two-dimensional cylindrical coordinate with 6 radial and 44 axial meshes. The pin bundle was allocated from the first to fourth radial meshes. The TH1 wall, argon gas gap and the TH2 wall were for fifth radial mesh. Sixth radial mesh was composed of the sodium gap and the TH3 wall.
For a steady-state analysis, a constant pressure 0.31 MPa was imposed at the outlet boundary pressure. The inlet boundary pressures were set to 0.40 MPa corresponding to 6.0 m/s for the pin bundle and 0.34 MPa corresponding to 2.2 m/s for the inter-assembly gap. The sodium flow rate change at the inlet was given by the inlet boundary pressure. In order to start a transient analysis from the steady state, these pressures were changed during 0.15 s to reach 0.32 MPa corresponding to 0.0 m/s and 0.35 MPa corresponding to 3.2 m/s for the pin bundle and the inter-assembly gap, respectively.
Steady-state analysis results
Before the transient analysis, a steady-state temperature distribution in the pin bundle was calculated. Figures 2 and 3 compare axial distributions of sodium and cladding temperatures between the calculation and the experimental data measured using the thermocouples, respectively. Symbols of CH1 to CH4 correspond to the layers from the inner to the outer pins in the pin bundle in the experiment. In the calculation, I=1 to I=4 represent radial mesh numbers, which can be seen in Fig. 1 . The calculated temperature distributions of the cladding and the sodium are in good agreement with the measured results except for the outermost layer (I=4), where the calculated temperature was overestimated. As mentioned in Section 3.1.1, the outermost power (neutron flux) was higher than the center in the radial power shape in the BE+3 test section. Fuel-pellet interior temperature in the outermost layer was the higher than in the inner layers, as presented in the calculated temperature distribution in Fig. 4 . In the experiment, however, the cross-sectional area of the coolant channel per pin in the outermost layer was larger than that in the inner layers. This area increase enhanced the cooling capability which was comparable to the heating due to the power enhancement. They were responsible for the temperatures in the outermost layer which were the same level as the inner layer temperature. On the other hand, the cross-sectional area per pin was assumed constant entirely in the pin bundle for simplification of the input data set in the calculation. This treatment was the reason of the overestimation in the outermost layer in the calculation. This overestimated temperature, however, would not significantly affect the transient analysis.
Transient analysis results
Figures 5, 6 and 7 compare calculated sodium and cladding temperature histories to measured thermocouple data at the midplane in the first, third and fourth layers of the pin bundle, respectively. Unfortunately, thermocouple data was absent in the second layer. In these figures, 0.0s in the transient analysis represents the transient onset time. The thermocouples TC15, TC17 and TC19 represent the cladding temperatures, and the TC16 and TC18 stand for the sodium temperatures. The positions of the calculated cladding and sodium temperatures are expressed by computational mesh cell numbers. For example, (1, 22) represents the position at the midplane in the first radial mesh. In the calculation, abrupt temperature drops can be seen in these figures. Such abrupt drops represent no material indicating temperature. For example, the temperature drop at 5s in Fig, 7 means disappearance of cladding. Several steep sodium temperature rises after 6s in the calculations are also shown in Figs. 5 and 6. These peaks result from the contact of fuel with a very small amount of sodium, which gives no significant impact on the overall fuel pool behavior.
Sodium boiling onset can be seen almost simultaneously in the radial direction at about 2.5s both in the calculation and experiment, although the onset time is slightly slower in the first layer due to the neutron flux depression. Before the boiling, the sodium temperature increase behavior is also agreed between the calculation and experiment. From these results, the SIMMER-III code successfully reproduced the sodium temperature increase and boiling behaviors until ~5s.
In the experiment, the cladding temperatures did not significantly increase after the boiling onset (2.5s -2.8s) until the dryout (3.7s -4.7s). After the dryout, the cladding temperatures increase to reach the melting point, resulting in the cladding failure. In the experiment, the cladding failure at the midplane occurred at about 5.1s -6.1s. The calculation also showed the same tendency as the experiment, namely the sodium boiling behavior, cladding temperature increase behavior, cladding failure at the midplane at about 5.0 -6.6s. After the cladding failure, the liquid steel drained into the channel was mixed with the fuel to form the pool in the lower part of the pin bundle. SIMMER-III adequately reproduced the above behaviors observed in the experiment.
The calculated cladding temperatures were higher than the experimental ones, which were close to the sodium temperatures. This is because the thermocouples were mounted near the outer surface of the cladding in the experiment. The calculation, on the contrary, gives the mid-wall cladding temperature in the code framework. Given that the simulation of local behavior is difficult in the two-dimensional calculation, the local contact of sodium droplets and liquid film seems also responsible for the cladding temperature difference between the calculation and experiment. Figure 8 shows calculated TH1 wall temperatures, which are compared to thermocouple data TC41 and TC42 at -100 mm below the midplane and at the midplane, respectively. The calculated temperatures well agree with the measured data on the sodium temperature increase, boiling onset timing, boiling, dryout, and the TH1 wall failure timing. After the dryout (~7s), the TH1 wall was gradually heated by liquid steel drained into the channel due to the cladding melting and by hot gas in the channel. After about 9s, molten fuel/steel mixture attacked the TH1 wall. This resulted in the rapid temperature increase, finally allowing the TH1 wall failure. Although the calculated TH1 wall failure location was slightly different from the experimental one, the calculated TH1 wall failure timing (~9.2s) was very close to the experimental data (~9.1s).
In Fig. 9 , calculated TH2 wall temperatures near the midplane are compared to the thermocouple data TC48 measured at the midplane. The TH2 wall temperature increased at ~7s in the experiment, whereas the calculated temperature increased at ~11s. This was caused by the contact of the deformed (expanded) TH1 wall to the TH2 wall due to the loss of the TH1 wall strength in the experiment, which corresponds to the post dryout in Fig. 8 . In the calculation, SIMMER-III cannot simulate such a mechanical behavior. A quick temperature increase behavior appeared in the experiment at ~17s. This was interpreted because the TH2 wall was contacted with the fuel/steel mixture that was jumped up due to the FCI or steel vaporization. Since the TH2 wall temperature decreased suddenly after this event, the effect of this event on theTH2 wall failure timing seems less significant.
In the calculation, the TH2 wall temperatures slowly increased after ~12s, at which the TH1 wall was completely molten and contacted with the TH2 wall. Since then, the fuel crust was formed on the surface of the TH2 wall to form the molten fuel pool gradually. In the calculation, the average liquid fuel temperature in the pool increased from ~3200K at ~17s up to ~3450K at ~19.5s. This hot liquid fuel accelerated the calculated TH2 wall temperature increase near the midplane at ~17s. A rapid increase of the calculated TH2 wall temperature can be seen at the midplane-40 mm at ~19.5s. The fuel crust was removed at that time in the calculation, so that the liquid fuel increased the TH2 wall temperature rapidly. The similar rapid temperature rise was observed after ~20s in the experiment. The TH2 wall failure timing was ~21s both in the calculation and experiment. The SIMMER-III code successfully simulated the TH2 wall failure behavior, dominated by the thermal attack of the boiling pool. Fig. 5 Comparison of sodium boiling behavior in the first layer of the pin bundle between the calculation and experimental data in the SCARABEE BE+3 experiment. Fig. 6 Comparison of sodium boiling behavior in the third layer of the pin bundle between the calculation and experimental data in the SCARABEE BE+3 experiment. Figure 10 depicts calculated material motion behaviors, presented by volume fractions of the components. Sodium boiling and cladding melting occurred at 2.5s and 5.0s after the transient onset, respectively. The molten cladding steel was relocated to form blockage in the LAB region. The cladding melting was gradually extended from the outermost layer to the inner layers. The molten steel was contact with the TH1 wall, leading to the TH1 failure at ~9.2s. This timing agrees with the experimental observation at 9.1s. Fuel melting started in the outermost layer at 9.9s in the calculation. The molten fuel was dispersed entirely in the pin bundle. The fuel pin in the innermost layer began to fail at ~14s, and the molten fuel pool was formed finally. At the same time, the fuel crust can be seen on the surface of the TH2 wall by the contact of the molten fuel. The liquid steel was mixed in the molten pool.
The steel vapor was generated in the molten pin bundle region. This steel vaporization contributed to a molten pool expansion behavior, which can be seen at ~17s in the calculation. Such a fuel expansion behavior was interpreted to have happened at ~16s in the experiment.
The fuel crust was observed on the surface of the TH2 wall after ~13s. This was a thermal insulator which disturbed increasing the TH2 wall temperature. Once the crust was removed from the wall, the thermal erosion of the TH2 wall started at ~19s, leading to remarkable heating of the wall. Therefore, the fuel crust instability is very important on the duct wall failure timing. The current SIMMER-III has a simple fuel crust instability model. Considering its importance, the crust instability model should be improved on the mechanistic basis with referring to related theory (Epstein, et al., 1976) and experiment (Duret and Bonnard, 1988) . In addition, it may be expected to introduce a thermo-mechanical failure model of structures because such a model is not implemented in the current SIMMER-III code. The TH2 wall failure was completed at ~21s in the calculation. In the experiment, the TH2 wall failure was observed at ~21s. An excellent agreement on the wall failure timing can be seen between the calculation and the experimental results. The wall failure position was near the midplane-40 mm in the calculation. Since a metallographic examination showed a massive failure near the midplane-40 mm in the experiment, the calculated wall failure position is also in good agreement with the experimental result.
The present experimental analysis showed that the SIMMER-III code successfully simulated the overall event progression in the SCARABEE BE+3 experiment, emphasized on the duct-wall failure behavior.
CAMEL C6 experiment 4.2.1. Experiment overview
The CAMEL C6 experiment was carried out to experimentally examine the fuel discharge mechanism through the CRGT in the U.S. Argonne National Laboratory in 1980's. The test sections, of which hydraulics were designed to provide in near full scale a mockup of the CRGT of the CRBRP with an absorber bundle in withdrawn position, were mounted in the CAMEL II sodium-flow loop. It contained about 10 cm-diameter pipe that simulated the fully withdrawn assembly region and above this was a reduced-area pipe that simulated the bundle and bypass region. A 25.4 mm-diameter fuel-injection portion was in the side of the large duct. To simulate the orifice of the CRGT entrance nozzle, a valve was mounted at the inlet part of the test section. Prior to a transient experiment, a steady-state experiment was conducted to obtain fluid-dynamic characteristics in the test section. Pressures at the upper and lower part in the loop were 0.076 MPa and 0.95 MPa, respectively. The velocity and mass flow rate of coolant at the fuel injection portion were 0.71 m/s and 4.85 kg/s, respectively. Just before the transient experiment, the coolant velocity was reduced by adjusting the inlet pressure in the test section. About 2 kg out of 4.2 kg mass of molten fuel (81%UO 2 +19%Mo) from thermite reaction at 3470K was entered through the injector into the stagnant sodium at 773K in the test section.
The experimental results showed that about 4 MPa of pressure peak due to FCI was observed in the C6 experiment and that upward and downward voiding progressed to exit and 0.3 m below, respectively. The downward voiding was restricted by the presence of an inlet orifice at the lower part of the test section. About 1 kg mass of the injected fuel froze and formed a crust layer on the wall and the remaining fuel was quenched by the sodium and formed particulates. The particulates of ~0.55 kg were distributed together with the sodium slug in the upward direction in the C6 experiment. The particulates of ~0.35 kg settled out through the sodium, and then accumulated on the bottom of the test section.
Analytical conditions
The CAMEL experiment was a three-dimensional geometry because of the fuel-injector system. To simulate the experiment using the two-dimensional SIMMER-II/III, the previous studies had to use a two-dimensional cylindrical geometry, in which the injector must azimuthally surround the test section. Since the three-dimensional SIMMER-IV code is currently available, the three-dimensional representation permits a realistic simulation.
This analysis used the X-Y-Z geometry with 34×28 horizontal and 62 axial computational mesh cells. In the experiment, it is necessary to appropriately simulate the pressure drop in the channel because of importance of the void expansion behavior developed by FCIs. For the steady-state calculation, an orifice coefficient was given at the inlet orifice position in the lower part of the test section. The orifice coefficient was adjusted to meet the coolant velocity of ~0.71 m/s at the injection point. The pressures at the top and bottom boundaries were kept constant at 0.076 and 0.950 MPa, respectively. The initial sodium and wall temperatures were assumed to be 773K. The argon gas pressure boundary condition at the injector top was based on a driving-pressure time evolution experimentally observed.
After the steady-state calculation, the flow velocity at the injection point in C6 was adjusted to be 0.047 m/s to simulate the loss-of-flow condition by specifying the lower boundary pressure, which was reduced from the top boundary pressure plus a gravity head. A transient calculation was begun by removing a virtual wall located initially at the bottom of the fuel. In the calculation, the fuel reached a diaphragm at 0.027s through the vacuumed injector pipe after the initiation of fuel driving by argon gas. The diaphragm was modeled by a virtual wall at the exit of the injector pipe. The disappearance of this virtual wall simulated the diaphragm failure by the molten fuel arrival. In the experiment, the diaphragm was not instantaneously but gradually failed with a certain time scale. Such a gradual failure behavior of the diaphragm was modeled in the calculation.
Analysis results
The distribution of fuel and sodium volume fractions is presented in Fig. 11 . The fuel, coolant and gas are respectively represented as red, blue and white colors in this figure. The fuel entered the test section and was mixed with sodium and the resultant FCI locally pressurized the test section. The test-section sodium was voided near the injector, and this pushed the sodium outward in the channel. The channel voiding extended a maximum of 0.3 m in the downward direction. On the other hand, the upward voiding extended to the duct exit. Most of fuel was discharged in the voided sodium region, after FCI occurred. Figure 12 shows calculated pressure history near the injector, which indicates similar behavior with the experimental data. Several pressure peaks can be seen at ~0.01s just after the transient calculation, whereas no peaks in the experiment. This might be attributed to disturbance by non-condensable gas involving the thermite in the experiment. After the significant injection of fuel, the calculated pressure peak appeared at ~0.1s, which agreed with the timing observed in the experiment. The calculated peak was ~3.5 MPa, which was close to the measured data of ~4 MPa. After the FCIs, the calculated pressure was stabilized as seen in the experimental data. SIMMER-IV well reproduced the pressure build-up behavior due to the FCIs. As shown in Fig. 13 , calculated mass flow rates of coolant at the inlet and the exit ends of the test section are in overall agreement with the C6 experiment. The mass flow rate at the exit was larger than that at the inlet because of the inlet orifice. Figure 14 compares calculated and experimental void volumes which were calculated by integrating the coolant mass flow rate. The voiding was expanded gradually both in the upward and downward directions in the test section. The upward void volume was larger than the downward one. The void expansion behavior was well simulated by SIMMER-IV.
To quantitatively investigate the fuel motion, calculated fuel mass history is shown in Fig. 15 , where an injector tank represents the injector pipe, fuel tank and gas tank. At 0.0s, a negligible fuel was injected into the test section. At that time, most of fuel consisted of fuel vapor. At 0.02s, ~0.14 kg of liquid fuel was injected into the test section, where FCI occurred to disperse molten fuel, which instantaneously became fuel particles by heat exchange. Since then, ~0.7 Fig. 12 Comparison of pressure histories between the calculation and experimental data in the CAMEL C6 experiment kg of liquid fuel was injected into the channel until ~0.1s. During ~0.1s -0.25s, the discharged mass was kept. This was because the fuel was injected back toward the tank through the injector pipe by the FCI pressure. After ~0.25s, the FCI pressure was decreased and overwhelmed by the argon gas pressure. The fuel in the injector pipe was gradually discharged into the voided test section. After ~0.6s, the reduction of fuel mass in the total system corresponds to a small amount of fuel escaped together with the sodium or void movement outside the calculation geometry.
This experimental analysis showed that the SIMMER-IV code successfully simulated the fuel discharge and relocation behaviors observed in the CAMEL C6 experiment.
Conclusion
Following the review of experimental database to select the appropriate experiments, the experimental analyses were carried out using the SIMMER-III and -IV codes. In the topic of the duct wall failure, the SIMMER-III well simulated the SCARABEE BE+3 experiment, which achieved coolant boiling, clad melting, fuel failure, molten pool formation, duct-wall failure, etc. This experimental analysis is expected to serve the code validation on the duct wall behavior of CRGTs in the outer core in the reactor. In terms of the fuel discharge and relocation behaviors, SIMMER-IV well reproduced the FCIs, sodium voiding, fuel discharge and relocation behavior observed in the experiment. These experimental analyses indicated the validity of the SIMMER-III and -IV computer codes for the duct wall failure and fuel discharge/relocation behavior.
